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SUMMARY 


;  -V 


Estimates  of  wave  dissipation  due  to  an  opposing  wind  based  on  correlating  pressures  above  the 
waves  with  the  surface  slope  were  first  undertaken  by  Snydef  e/  a/. 981 /These  indicated  that 
d6cay  rates  due  to  an  opposing  wind  were  roughly  an  order  of  magmtude  smaller  ihan^  w 
generated  wave  growth  rates.  Other  field  measurements  (Hasselman  and  BdsenbCTgi^^  W^  ' 

laboratory  measurements  (Young  and  Sobey,  1985)  using  this  techmque  have  alsojndicated  that 
dissipatioriratesare  very  small.  ' 


However,  Avave  dissipation  rates  can  also  be  derived  from  measurements  of  the  dgcline  m  surface 
variahce  fetch.  The  measurement  of  surface  variance  has  been  used  by  Mtsuyasq. 

Honda,  1982  to  estimate  the  growth  rates  of  laboratory  paddle  waves  due  to  a’cohcurreht  wind, 

Such  measurements  are  more  direct  and  have  consistently  yielded  higher  grov^  rates  than  ^  '  ^  .  ' 

pressure  correlation  techniques  in  the  air  (Bole  and  Hsu,  1969).  ■  .v-  ;  " 


Recent  theoretical  estimates  (Mastenbroek,  1996  and  Cohen,  1997)  using  secondtorder,:  /  ^ 
turbulence  closure  models  anticipate  that  dissipation  rates  should  be  substantidly  higher  than  ■  /  ':,.  . 
indicated  by  previous  studies.  .  ^ 

In  this  repqrt,  we  present  the  results  of  recent  laboratory  experiments  that  provide  altei^tiye  ^,^^^^ 
estimates  of  wave  dissipation  due  to  an  opposing  wind  obtained  firom  measurements  of  thy^’:|S^?^p^; 
surface  wave  field.  : 

These  show  that  the  reported  levels  of  dissipation  obtained  by  the  technique  of  measurementS|i|t^^^.^ 
the  air  are  far  too  low.  Furthermore,  they  show  that  theoretical  estimates  also  undereirtkn^e,  thy  ^ 
dissipation  rates  by  a  factor  of  at  least  3.  ■  .  . 


Further  Work  is  required  to  improve  the  accuracy  of  the  measurements  and  to  extend  the  range  pf 
wind  speeds  and  wave  frequencies  investigated. 


WRL  RESEARCH  REPORT  203 


CONTENTS 

1.  INTRODUCTION  1 

2.  METHOD 

2. 1  Theory 

2.2  Wave  Facility  and  Measurement  Techniques 

2.3  Data  Processing  3 

3.  RESULTS  5 

4.  DISCUSSION  7 

5.  CONCLUSIONS  AND  RECOMMENDATIONS  9 

6.  REFERENCES  -  10 

LIST  OF  TABLES 

1 .  Experiment  Results 


LIST  OF  FIGURES 

1.  Tank  Layout 

2.  Representative  Wave  Spectra  at  0  m.  Wind  Speed  5  ms”',_/^  =  1.25  Hz 

3.  Wave  Energy  as  a  Function  of  Propagation  Distance,  1  Hz  Waves 

4.  Non-Dimensional  Dissipation  Rates  Compared  with  Growth  Rates  as  a  Function  of 
Inverse  Wave  Age 


-  ii 


04  CN 


WRL  RESEARCH  REPORT  203 


1.  INTRODUCTION 


Theoretical  and  field  studies  of  wind-wave  generation  have  focussed  primely  on  the  growfo'  .w^l 
phase,  that  is,  with  waves  travelling  in  a  direction  predoniin^tly  ^igped^  generating  .  ,'vr;i?:p 
wdiid.  A  recent  review  of  airflow  over  waves  and  wind-wave  gerieration  is  presented  in  Belcher  ^ 
andHunt,:1998.-^;'^',^^ 


In  coast^;  regions,  offshore  winds  (op^sing  the  incoming  craves)  c^  sigmfic^tly  ^tei^the'j^^ 
coastal  ^vfi  regime.  Also,  winds  ch^^uig  direction,  as  in  an  dfehibre  giist  fent  or  the  ci^w  ' 

wind  field  and  moving  core  of  a  tropic^  cyclone,  can  create  ah  opposing  vwhd  situation  tliereby  /  ;■ . . 
modi^ng;  the  local  wave  generation  regime.  .  .  :  .  . 

Estimate  of  wave  dissipation  based  on  correlating  pressures  above  the  waves  with  the  surface  ;  / 

slope  were  first  undertaken  by  Snyder  ct  oL,  1981  and  indicated  that  decay  rates  due  to  ^ 
opposing  wind  were  roughly_an  order  of  magmtude  smaller  tiian  ^vind-generafed  wav€^^^^^^^^  ; 

rates.  Other  field  measurements  (Hasselman  andi  Bosenberg,  1991)  and  laboratory  me^urements  , 

(Young  and  Sobey,  1985)  using  this  technique  have  also  indicated  that  dissipation  rates  are  very  - 
small.  ,  .  “  ■  ■ ,  j. 


However,  wave  dissipation  rates  can  i 
variance  with  fetch,  the  measurement' of  s^ace  vOT^  used  by'  Mitsuyasu 

Honda,  1982  to  estimate  the  grov^  rates  of  laboratory  paddle  . 

Such"' measuremetits’^are  more' bioVi(»r  ornvihb  Tfltfts  .tha^  . 


Recent  theoretical  estimates  (Mastenbroek,  1996  and  Cohen,  1997)  using  second-order 
turbulence  closure  models  anticipate  that  dissipation  rates  should  be  substantially  hi^er  than 
indicate  by  previous  studies. 


In  thih  ireport,  we  present  the  results  of  recent  laboratory  experiihents  that  provide  alterhativb 
estimates  of  wave  dissipation  due  to  an  opposing  wind  obtained  from  measurements  of  foe "  -  ^  - 
surface  H^ve  field.  Its  primary  objective  is  to  critically  review  the  finfongs  of  Young  and.  Sobey" .  • 

(1985)  by  directly  measuring  the  change  in  wave  energy  along  a  wind-wave  tank  as  under^en  ■  .  >  ■  ■ 
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2  . , 


2. 


METHOD 


2.1  Theory 


E  =  Pgi^^) 


'  ■  ■  -  ■■■  ■-  Jlf!®#-' 

-  -  0)  -S:':  ■„ 


-  •  ■  ,  .  ■  •  ,  .  r  -  -  r  ..  .  .  ...  ,.  '..<•■  .VV.>V- 

where  E  is  the  local  energy  density,  p  is  the  density  of  fluid,  g  is  ^yita^tional  acceleration,  t]  |s' 


Under  the  action  of  a  following  vdnd,  wave  energy  increases.  NCteuy^u  and  Hdii^  0982)'  used 
ensemble  measurements  of  surface  elevation  taken  at  a  sequence  of  points  aloiig  a  ^d-^^  '  ^ 

tank  to  derive  local  wave  energy  and  therefore  the  increase  of  wave  energy  with  dist^ce:,  .If  a  . 
wave  does  not  change  its  phase  speed  rapidly  with  time,  we  evaluate  the  Iqc^  time- . 
dependent  wave  growth  rate  as: 


BE  BE 


(2).  .'.'ii 


where  ’cg  is  the  .speed,  associated  vdth.  the  ^oup  (and  ^  speed  at  which  energy  is 
propagated  by  a  wave  tr^);  For  deepwater  waves,  Cg=c/  where  c  is  the  vrave  ^ed.  \ 

Wave  growth  rates  are  usually  expressed  in  a  time-based  dimensional  form  as  y-^IEox  as  the • 
non-dimensional  quantity  yjf  where/=  wave  frequency.  .  , 

Estimating  wave  growth  and  dissipation  from  spatial  changes  in  wave  energy  are  valid  provided.;;,/::--  ;^ 
that  the  waves  do  not  break.  Once  breaking  Occurs,  there  is  an  energy  flux  from  the  wave  field  to, 
subsurface  currents  and  turbulence.  - 

The  only  difficulty  with  this  technique  is  that  wave  fields  grow  as  a  spectnim  with  rapid^.f<>^^^ 
development  of  the  microscale  waves  (0.05m^<0.4m).  Mitsuyasu  and  Honda  (1982)  studied  . 
the  growth  of  relatively  long  wayes  (Xi>0.8m)  and  used  spectral  filtering  techniques  to  elirnihatd^  .- ; 
the  hi^er  frequency  components.  ^  ^  " 

In  this  investigation,  these  techniques  have  been  applied  to  the  case  where  the  wnd  is  in^ -  ^  ^ 
opposition  to'the" propagating  waves;  '■  :''v  ^ ^ 


2.2  y  Wave  Facility  and  Measurement  Techniques  ■  v  ^ 

"piese  experiments  were  undertaken  in  the  main  wind-wave  tank  at  Water  Resejux^h'Laboratpry^v?;#^^^^^^^^ 
^y^x^Wralltaink  dimension  are  length  30  m,  width  0.9  m  and  height  1.9  m.  The  layout  of  , 

shown  in  Figure  1.  r  . 
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3:-v 


.  i  * 


Waves  are  generated  by  a  controlled  random  generator  at  one  end  of  the  tanL  During  these 
investigations,  only  monochromatic  waves  were  investigated.  At  the  far  end,  a  dissipating  Wch 
(<2%  reflection)  has  been  installed.  '  •  •  v 

The  tank  is  roofed  with  flow  in  the  air  cavity  controlled  by  a  large  fan  fitted  at  the  opposite  end  taV 
the  wave  generator.  For  these  investigations,  water  depth  m  tank  w^  1,45m  giving  an  air  , 
cavity  depth  of  0 .45  m.  Wind  spe^s  in  the  air  cavity  were  momtored ;  ^  }  wire^i 

anemometer  moimted  from  the  roof  at  mid-height  within  the  ak^avity.  .  ,  .  ^  - 

Tot^  sfress  measurements  are  available  from  the  investigatipi^  of  Cheng  and  l^teuyasi^  i 992^" 
who  undertook  experiments  in  a  similar  wave  tank  with  an  identical  air  ca^ty  depth.  ,  ,T^ 
measurements  showed  only  mmor  dependence  of  the  wind  stress  on  the  presenWj  stpepne^  imd  ' 
direction  of  underlying  swell.  The  stress  values  are  consistent  with  valups|^embi^^^b^^  . 
Amorbchb  and  Devries,  1980.  The  wind  speeds  investigated  by  Cheng  arid  Mtsuyasu,  1992  are  i 
identical  to  those  used  during  this  investigation  and  have  been  adopted  for  this  study.  , .  ,  . 

During  this  investigation,  water  surface  elevation  was  monitored  using  capacitance  wave  gauges  - 
fitted  with  fine  (~200pm  diameter)  wire  filaments.  Each  gauge  had  a  rang;e  of  apprbidmately 
200  were  carefully  calibrated  at  the  beginning  and  end  of  each  day  of  testu^  by.  ,, 

varying  the  water  level  in  the  tank.  Six  probes  were  used,  five  located  at  distances  bf  T  3^^ 
6.0, 7.$^and  10.0m  firom  the  first  probe  witlm  the  roofed  section.  ,,  ,  i-  , -  t'S, 

The  v^ter  surface  elevation  measurements  of  the  wave  probes  were  recorded  at  a  freguOT^ 

40  Hz  per  channel  by  a  computer  \\ith  an  aiMiogue  to  digital  converter.  These  data  wereatore^f 
for  subsequent  processing.  '  ' 


23  Data  Processing  ■ 

Fast  Fourier  Transforms  (FFTs)  were  used  to  process  1024  data  points  from  each  record 
(approximately  80s)  to  determine  the  locd  wave  energy.  Energy  from  wind  waves  generat^^ 
within  &e  tank  was  filtered  froni  these  records  by  filtering  the  wave  spectra  and  only  inte|raBng ' 
ener^  wthiri  a  small  frequeriby  band  iri  the  viciriity  of  the  frequency  of  the  paddle  waves  (/^).-;  ; 

A  representative  spectrum  obtairied  frorri  the  wave  probe  nearest  the  wave  paddle  is  shown;  m 
Figure  2.  The  vertical  scales  are,  shown  in  both  logarithmic  and  linear  forms.  The  logarithmic 
ordinate  is  shown  to  emphasise  tlib  details  ofthe  lower  energy  scbles.  ^  w  .  .  • 

The  linear  ordinate  emphasises  the  higher  eriergy  components  of  the  spectrum.  Four  pe^  are 
clearly  defined  and  have  been  aimotated. 


:  The^^^  i^^^  of  these  is  at  j^.  This  value  is  the  linear  wave  energy  .at  this  freijiiericy. 

.-s,%)weyer^  smaller  peaks  can  be  observed  at  the  second  harmonic  (annotated)  and  higher 
"haimbhics^^^^  T^  is  non-lineaf  wave  energy  at^  and  reflects  the  fact  that  steep  waves  are  slightly > 
non-sinusoidal. 
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4. 


A  peak  associated  with  very  low  frequency  motions  can  be  observed  at  /=  0.047  «0  Hz.  This  is 
primarily  associated  with  seiching  in  the  wind  wave  tank. 

The  other  major  peak  is  associated  with  wind-wave  generation.  At  X=0,  wind  waves  generated 
along  the  tank  achieve  a  frequency  in  the  vicinity  of /=2Hz  at  wind  speeds  of  5  and  7  ms"'. 
These  waves  continue  to  propagate  along  the  tank  and  reflect  from  the  paddle  and  return  down 
the  tank.  This  wind- wave  energy  is  most  evident  at  X=0  because  it  has  the  greatest  fetch  and 
wave  energy  reflected  from  the  paddle  decreases  with  distance  because  of  dissipation  by  the 
opposing  wind. 

It  is  difficult  to  distinguish  the  wind-wave  energy  from  the  second  and  higher  harmonics  of  the 
paddle  waves.  Consequently,  it  has  been  assumed  that  all  paddle  wave  energy  is  restricted  to 
between  0.5  Hz  and  1.5  Hz.  This  may  lead  to  a  slight  underestimation  of  the  dissipation  rates  as 
the  harmonic  components  are  more  energetic  closer  to  the  paddle. 

To  quantify  y  from  point  measurements  of  wave  energy  along  the  tank,  a  model  of  wave 
dissipation  must  be  fitted  to  the  data.  Consistent  with  previous  investigators,  we  assume 
exponential  dissipation: 

£  =  (3) 

In  each  case,  A  was  determined  from  the  measured  data  by  a  least-squares  fit  of  this  equation  to 
the  measured  energy  as  a  function  of  fetch.  Non-dimensional  dissipation  rates  were  determined 
from; 


y  _  E  dE  _  Ac 
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3. 


RESULTS 


Measurements  have  been  completed  for  three  paddle  wave  frequencies  and  three  vdnd  speeds.  /  ^ 


Table  1.  Experiment  Results 


■^^/.\:Test,-' 

•-"rSiD':-;;- 

u: 

(ms-') 

CO 

(S*’) 

— ■■  —  V— — 

■  Avk  ' 

990723frg 

5.0 

7.85 

50.7  0.160  0.003 

0-007 

0.098  f,  (T069  -  0.084 

990723i/j 

7.0 

7.85 

•  45.0  :  0.142  :  0.003  - 

"Q.008 

0.065  0.08,4^:, P,Q74  , 

990722k/l 

5.0. 

7.39 

62.7  0.175  0.004 

6.000 

0.027  ^404fe|6;b3ti 

990722V/W 

7.0 

7.39 

:56.6  ;  0.158  i  0.004 

0.000 

6.066  !®5^  6,656: 

996722q/r 

5.0 

-6.28 

77.1  '  0.155  i  0.003 

0,000 

0.022  ;  6.012^  M 

990722y/z 

7.0 

6.28 

74.6  0.150  0.003 

0.000 

0.018  6.030  0:024 

(0  is  the  wave  frequency.  The  wave 


is  the  \Ndnd  speed  ^d 
are  in^cat^by 

":A:?^ts‘ 


;  '-cia-’:- ' 


tank  and  based  on  the  work  ofr5(^^  is  the  measured  dissipatipn; in. 

,  of  the  wind.  These  results  indicate  that  the  measurements  are  sufficient  to  resolve  dissipation  >;.  { . ; 
rates  to  an  accuracy  of  better  than  0.005. 

The  quantities  A,^2  ^re  two' independent  measurements  of  the  di^ipation  rate  in  the  . 

presence  of  wind.  Several  observations  can  be  made.  ‘ 

Thd  (frfference  between  these  two  values  is  much  greater  than  the  accuracy  of  measiirenierit  of  the  - 
viscots  dissipation  rate.  This  suggests^  t^^  ensembles  will  be  required  to  obtain  ? 

robiist  me^urements  in  the-pre^ce  Of  Differences  are  as  much  as  0.03,  ff 
that  this  is  twee  the  standard  deviation  of  populations  consisting  of  1024  sampl^j  to  reduce  the 
enrort6les|thyi 0.005;- ehse^^^  ' 

However,  the  measured  wind  dissipatibh  fates  are  far  ^eater  than  the  viscous  dissipation  rates' 
anft  thesft  measiiremefits  ^ie  sufficient  for  a  preliminary  assessment  of  wind  dissipatiqn.;;  To 
this,  the  average  observed  dissipation  rate  in  tiie  presence  of  wind,  A,^  has  been  used  with,  the 


Figure  3  is  a  sample  graph  of  a  complete  set  of  tank  measurements.  Wave  energy  in  this  figure  is  ' 
:'^^''^fessed  as  wave  hei^t:'- re  - 
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6. 


From  this  graph,  it  is  apparent  that  the  accuracy  of  the  measurement  of  wave  height  is 
approximately  ±2mm.  This  may  be  a  function  of  probe  stability  or  the  ensemble  length  -  means 
of  improving  the  accuracy  of  wave  measurement  are  currently  being  explored.  However,  as  noted 
earlier,  the  accuracy  of  the  measurement  is  sufficient  to  establish  the  conclusions  of  this 
investigation. 
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4.  DISCUSSION 


.  .  ^ <*  *\ r^\ 


As  (^scussed  in  Section  1,  wave  growth  is  conventionally  reported  ^  a  ndn^limensional  quantity^ 
y//which  is  positive  for  wave  growth  and  negative  for  wave  dissipation:  .M^urements  of 
waye  dissipation  are  rare  in  the  literature  with  Young  and  Sobey,  1985  being  the  o;dy^^ 
data  set  To  provide  a  context  for  tlie  measured  dissipation  ratesV  the^e  nae^ufemehts  a^^^ 
presented  as  absolute  values  that  can  be  compared  with  measured  wave  growth  rates:*  ^^ 
cotnpEffihg  the  two  sets,  it  rnust  be  acknowledged  that  wave  dissipatioh^^nun 
wind  velocity  fdls  to  a  value  equal  to  the  wave  speed  rather  than  a  vaiue'^df 
friction  yel6city,  u»,  is  defined  by:  .  -r 


(6) 


where  ris  the  total  wind  stress  and  pair  is  the  density  of  air. 


The  format  of  presentation  is  that  of  Plant,  1982  in  which  7'//  is  presented  as  a  fimction  of  the  ’ 
ratio  of  the  fiiction  yelocity  in  the  m  with  tile  wave  speed  u,/c.  The  data  ofWu  eta/.,  1979  and_;^.:Q''^ 
LarOTmand  Wrig^  1977  have  been  neglected  as  recent  work  (Peirson  and  Belcher,  : 

indicates  that  it  is  inappropriate  to  use  these  data  sets  to  assess  \^d-induced  wave  growflu  The  . 
substantial  data  set  of  Mitsuyasu  and  Hdnda,  1982  has  been  added  as  have  wind-induced  growth  p  ;  > 
rates  derived  from  the  datadf  Banher^l?9P  and  Banner  and  Peirson,'il998:  ' 

The^  data  are  presented  in  Figure  4  vrith  relevant  wave  dissipation  studies.  The  summary  of  the  ■ 
measurement  results  presented  by  Yoimg  and  Sobey,  1985  is  show  and  lies  to  the  right  bf  alT^^^  ’  V 
other  data.  Two  theoretical  investigations  of  wave  dissipation  have  been  completed  recently.,  , 

Harris  er  a/.,  1995  completed  numerical  simulations  of  airflow  ovdr  a  wave  travelling  Tm'tKe'  ^”  "- 
opposite:  direction  to  the  wind.  The  details  of  the  model  configui^on  and  characteristic  ' 
turbulehde  quantities  are  not  described.  They  simulated  tiie  experiment  conditions  and  fo 
higher  phase  shifts  in  the  surface  pr^sure  distribution  than  had  b^n -m^i^ti  by  Yduiig^^^^ 

Sdbey.  Their  results  are  also  show  in  Figure  4  and  slightly  hi^ef  wdve  dissipation^r^  ■ 

i  pr^cted.‘  ,  :  > 


Coheh^T997  has  undertaken  simulations  with  a  simplified  second-order  turbulence  clqsure  modd^H^i 
of  wave  dissipation  due  to  an  opposing  wind.  This  model  reproduced  the  very  limited  wave 
dissipaiion  results  of  tiie  iriore  sophisticated  model  of  Mastenbroek,  1996.  Cohen  cdhcluddd  mat"^^^ 
dissipation  rates  should  be  much  hi^er  than  suggested  by  Young  and  Sobey.  In  Figme  4, 
Cohen’a  results  show  dissipation  rates  as  much  as  ah  order  of  magnitude  hi^ef  tharitthps^^ 
"''Yc^fiidSobe^''"-^"  '  '■ 


^  Iffie  data  from  the  present  inye^gation  has  been  smninarised  and  presented  in  an  identical  fonn.^  ^ 
to  tot  above  and  is  also  show  iri  Figure  4.;  Error  tos  are  shown  to  express  the  ip 

th^toasurentots.l  Aithpu^  tiie"S|^er  is  siib  it  is  compatole^:;>3 
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8. 


The  measured  dissipation  rates  are  far  higher  than  has  been  suggested  by  previous  studies.  The 
closest  estimates  are  those  of  Cohen,  1997  but  the  measured  values  are  still  a  factor  of  3  to  10 
higher.  It  is  to  be  noted  that  a  similar  disparity  exists  between  measured  and  numerical  estimates 
of  wind-induced  wave  growth  (Belcher  and  Hunt,  1998). 
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9. 


5.  CONCLUSIONS  AND  RECOMMENDATIONS 

The  first  published  measurements  of  the  dissipation  of  wave  energy  due  to  an  opposing  wind 
obtained  from  direct  measurement  of  the  surface  elevation  have  been  obtained  in  this  study. 

These  show  that  the  reported  levels  of  dissipation  obtained  by  the  technique  of  measurements  in 
the  air  are  far  too  low.  Furthermore,  they  show  that  theoretical  estimates  also  underestimate  the 
dissipation  rates  by  a  factor  of  at  least  3. 

Further  work  is  required  to  improve  the  accuracy  of  the  measurements  and  to  extend  the  range  of 
wind  speeds  and  wave  frequencies  investigated. 

The  methodology  developed  by  Peirson  and  Belcher,  1999  could  also  be  explored  to  investigate 
whether  the  dissipation  rates  conform  to  a  normalisation  in  terms  of  wave  amplitude  Reynolds 
number. 

Other  studies  could  be  undertaken  to  investigate  the  causes  of  these  high  dissipation  rates,  these 
could  include  direct  measurement  of  the  surface  viscous  stress  at  the  surface  (Peirson.  1997). 
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Growth  rates  from  Snyder  et  al.  (1981),  open  circles;  Shemdin  and  Hsu  (1967),  open  triangles; 
Mitsuyasu  and  Honda,  (1982),  solid  diamonds;  Banner  (1990),  stars;  Mastenbroek  et  al.  (1995), 
crossed  square;  and  Banner  and  Peirson  (1998),  crossed  circles.  Estimated  dissipation  rates  from 
Young  and  Sobey  (1986)  ak=(i.\6,  solid  line;  Harris  et  a/.(1995),  dotted  line;  Cohen  (1997),  dashed 
line.  The  measured  dissipation  rates  in  this  study  are  shown  as  solid  triangles. 
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